Gout is a common inflammatory arthritis and is caused by accumulation of monosodium urate crystals in joints and soft tissues. Apart from joint damage, untreated gout is associated with cardiovascular and renal morbidity. Gout, whilst in principle considered to be well understood and simple to treat, often presents diagnostic and management challenges, with evidence to suggest that it is often inadequately treated and poor compliance is a major issue. Imaging tools can aid clinicians in establishing the correct diagnosis, when histological crystal diagnosis is unable to be established, and also assess the burden of inflammatory and structural disease. Imaging can also be used to monitor treatment response. The imaging techniques that currently have a role in the imaging of gout include conventional radiography, ultrasound, computed tomography, dual energy computed tomography, magnetic resonance imaging and nuclear medicine. Despite the lack of major technological advances in imaging of gout in recent years, scientific studies of existing imaging modalities have improved our understanding of the disease, and how to best utilize imaging techniques in the clinical setting.
Introduction
Gout is common, indeed the most common inflammatory arthritis in men . It is associated with mortality and significant morbidity. In addition to being a chronic deforming polyarthropathy, gout is associated with metabolic, cardiovascular and renal morbidity [Kim et al. 2003; Brook et al. 2006; Chen et al. 2007] . Gout is perhaps one of the best understood diseases in terms of aetiopathogenesis and effective treatments do exist. Despite this, the scientific evidence suggests that often patients and doctors do not understand the disease well [Pascual and Sivera, 2007] . Delays in establishing the diagnosis, commencing treatment, and targeting defined outcomes as well as poor compliance, contribute to suboptimal management of gout [Jackson et al. 2012; Riedel et al. 2004; Zhang et al. 2006b; Briesacher et al. 2008] .
Gout results from the deposition of monosodium urate (MSU) crystals in joints and soft tissues when serum uric acid concentrations rise above the physiological saturation limit (approximately 380 µmol/liter or 6.4 mg/dl) [Choi et al. 2005 ]. The acute form of the arthritis is characterized by sudden onset, intense pain, swelling, warmth and erythema (the cardinal signs of inflammation). The great toe is characteristically affected, however almost all joints may be affected [Edwards, 2008] . The diagnosis is confirmed in acute gout by the presence of MSU crystals in the synovial fluid. Chronic tophaceous gout results from chronic hyperuricemia. Continued deposition of MSU crystals leads to increased frequency of acute attacks, progressive shortening of intercritical phase and development of tophi due to MSU deposition in soft tissues, bones and joints.
The gold standard for diagnosis of gout is demonstration of negatively birefringent, needle-shaped MSU crystals in tissue or synovial fluid by polarized microscopy [Wallace et al. 1977] . Obtaining a histological diagnosis is not always feasible, and whilst application of international consensus definitions may assist in the diagnosis of gout in the absence of a crystal diagnosis, at times a definitive clinical diagnosis can be difficult [Wallace et al. 1977; Zhang et al. 2006b ].
The management of gout should be holistic, incorporating patient education, lifestyle advice, pharmacotherapy of acute gout, prophylaxis to prevent chronic tophaceous gout, identification and management of comorbidities such as metabolic syndrome and renal disease [Zhang et al. 2006a; Khanna et al. 2012] . International guidelines recommend that prior to treating gout, the diagnosis must be accurately established, and the burden of disease should also be assessed [Zhang et al. 2006a; Khanna et al. 2012] . Imaging may play a useful role in this, particularly when uric acid crystals are unable to be identified to confirm the diagnosis. Imaging can assist with assessing disease burden and structural damage. Imaging can also be useful to monitor disease progression or treatment response and to assess efficacy of treatment in clinical trials.
Imaging modalities that have clinical relevance in gout include conventional radiography (CR), ultrasonography (US), computed tomography (CT), dual energy computed tomography (DECT), magnetic resonance imaging (MRI) and nuclear medicine. Typically, imaging findings associated with joint inflammation are seen, as well as findings that are more specific to and even pathognomonic of gout. This manuscript aims to review imaging findings seen in gout, with a focus on recent developments. While there have been few recent technological imaging advances apart from DECT, application and understanding of the clinical utility of these imaging techniques in gout have been better understood, as has our understanding of the pathogenesis of gout.
Conventional radiography
CR has been the traditional imaging tool in the management of rheumatic disorders. During an acute attack of gout, soft tissue swelling and effusions may be seen by CR [Gentili, 2006] , however these findings are nonspecific. The typical CR findings in chronic tophaceous gout, which differentiate it from other inflammatory arthritides, include well defined, 'punched-out' erosions with overhanging edges, soft tissue nodules (tophi), calcification of tophi and asymmetric involvement [Gentili, 2006] (Figure 1 ). The erosions are typically extra-articular, but may be intra-articular or para-articular [Gentili, 2006] . Tophi may be intraosseous or calcified. The joint space is usually preserved until late in the disease and there is lack of periarticular osteopenia. The most common site affected is the first metatarsophalangeal (MTP) joint, followed by the fifth MTP joint, midfoot and hand and wrist [Barthelemy et al. 1984] . These CR changes are relatively specific, with a diagnostic specificity of 93% using clinical diagnosis as the gold standard [Rettenbacher et al. 2008] . The diagnostic sensitivity is lower; 31% using clinical diagnosis as the gold standard [Rettenbacher et al. 2008] . This is particularly an issue in early disease, as radiographic changes may be delayed 10-15 years after the onset of gout [Barthelemy et al. 1984] . In the clinical setting, the low sensitivity of CR and the lag to developing radiographic changes means that CR has a limited role in the diagnosis or monitoring of this disease [Gentili, 2006] .
In the trial setting, CR has been utilized as an outcome tool. A radiographic scoring system developed for rheumatoid arthritis (RA) clinical trials (Sharp/van der Heijde system) has been modified to apply to gout [Dalbeth et al. 2007b ]. This measures joint space narrowing and erosions in the small joints of the hands and feet. In contrast to the system developed for RA, this tool scores the distal interphalangeal joints. Initial validation work has demonstrated this scoring system to have excellent reproducibility and feasibility [Dalbeth et al. 2007b ]. Responsiveness of this scoring system has not been tested extensively, however a recent small exploratory study showed a significant improvement in the erosion subscore using the modified Sharp/van der Heijde system in people with tophaceous gout with intensive urate-lowering therapy using pegloticase over a 12-month period [Dalbeth et al. 2013a ]. The study, although small, is pivotal as it demonstrates healing of erosions in response to aggressive urate lowering, and also supports the as yet scientifically unproven hypothesis that suppression of uric acid will prevent structural joint damage [Dalbeth et al. 2013a ].
CR may be a useful outcome tool in clinical trials as it is widely accessible and inexpensive, and while this is an old and simple imaging technique, this recent study showing erosion healing demonstrates that CR modality can still add to our understanding of this disease and assessment of outcomes in gout.
Ultrasonography
US is being used increasingly in gout and can assist in both the diagnosis and monitoring of disease. Advantages of US over other imaging modalities include the ease of access, lack of ionizing radiation and relatively low cost. US however has limitations, being reliant upon a good acoustic window to visualize a joint, and is generally less sensitive than MRI in detecting joint inflammation and structural changes [Chowalloor and Keen, 2013b] . The major limitation is its operator-dependent nature.
Generic signs of joint inflammation and damage identifiable by US include synovitis and erosions. Synovitis on US is identified as synovial hypertrophy and effusion, with or without Doppler signal (suggestive of inflammation) [Wakefield et al. 2005] . Erosions are cortical breaks seen in two planes (as defined by Outcome Measures in Rheumatology Clinical Trials, OMERACT) [Wakefield et al. 2005] . More specific features of gout are also seen, such as the double contour sign (DC) and tophi [Thiele and Schlesinger, 2007; Filippucci et al. 2010a ]. While recent decades have seen the validity and clinical utility of US in the setting of RA extensively explored [Terslev et al. 2012 ], there has been much less work specific to gout. Interpreting publications relating to US descriptions of gout are difficult due to a lack of internationally recognized descriptions and definitions of pathology seen in gout on US [Chowalloor and Keen, 2013b] . This is illustrated in the discussion of pathology in the paragraphs below. The OMERCT US group are working towards standardized definitions of pathology in gout, which should facilitate the development of this imaging modality as a clinical and outcome tool in gout in the future.
In RA, US has been demonstrated to be sensitive and specific to the presence of these generic features and able to detect subclinical disease [Naredo et al. 2013b ]. In the setting of gout, the synovium may have an ultrasound appearance thought to be more suggestive of gout than other inflammatory arthritis. Reported descriptions include 'bright stippled foci' and 'hyper-echoic spots', 'hyper-echoic cloudy areas' and a 'snow storm' appearance, which is thought to be a result of MSU crystals in synovial fluid or tissue producing small bright echoes [Wright et al. 2007; Rettenbacher et al. 2008; De Miguel et al. 2012] ( Figure 2 ). While these findings have generally been considered as specific to people with a diagnosis of gout and asymptomatic hyperuricemia (AH) [Rettenbacher et al. 2008] , 'very small intraarticular hyper-echoic' spots and 'intra-articular or intra-bursal hyper-echoic aggregates' have been reported to be seen in other types of arthritis [Wright et al. 2007 ]. More recently, a case-controlled multicenter study found that these were more commonly seen in gout, but are not specific to gout [Naredo et al. 2013a ]. Additionally the "snowstorm" of synovial fluid, thought to be mobile crystals within the fluid described in acute gout [Grassi et al. 2006 ] may not be specific to gout [Wakefield, 2007] . Recent exploratory studies in gout reports that synovitis is most commonly seen in the first MTP joint, knee, ankle, wrist and second metacarpophalangeal (MCP) joint [Chowalloor and Keen, 2013a] . Other recent, small studies on gout established the presence of subclinical synovitis in gout in both the acute and intercritical phase [Schueller-Weidekamm et al. 2007; Chowalloor and Keen, 2012] . Of interest, in the single US study assessing subclinical synovitis longitudinally, the number of clinically active joints decreased in the intercritical phase, but subclinical inflammation did not differ between the acute and intercritical phases [Chowalloor and Keen, 2013a ]. This has potential implications in the assessment of disease activity and burden of disease in gout. It is worth noting that in this small study, the serum uric acid level was not adequately suppressed, and that the long-term relevance of subclinical inflammation with regards to structural joint damage or comorbidities is uncertain.
Ultrasound-detected erosions in the setting of gout are found most commonly in the first MTP joint (especially medial surface) and MCP joints [Thiele and Schlesinger, 2007; Wright et al. 2007; Filippucci et al. 2010a] . First MTP erosions are more characteristic of gout than other inflammatory arthritides [Wright et al. 2007 ]. Erosions may be found in previously asymptomatic MTP joints [Chowalloor and Keen, 2013b] , they are commonly seen adjacent to tophi, and they may display Doppler signal [Wright et al. 2007] (Figure 3 ). In gout, US is more sensitive to erosions than CR, particularly smaller erosions [Wright et al. 2007 ].
The DC sign is a hyper-echoic irregular band over the articular cartilage due to the deposition of MSU crystals, best seen on the dorsal side of the MTP joints [Filippucci et al. 2010b ] and femoral condyles [Naredo et al. 2013a] (Figure  4) . In most studies comparing subjects with gout or AH with controls (either patients with other inflammatory joint diseases or normouricemic individuals) the DC sign is reported to be specific (but not sensitive) to AH and gout [Filippucci et al. 2009; Pineda et al. 2011; De Miguel et al. 2012; Ottaviani et al. 2012 ]. In contrast, a recent study examining subjects with gout and controls found the DC sign was found in controls [Ottaviani et al. 2012] . The reported serum urate in the group ranged from 2.3 to 7.6 mg/dl, so some of the control cohort presumably had AH. Other explanations include differences in methodology, joints examined, the demographics of the population, or that US is a userdependent technique, and that the cartilage interface may produce an artefact that may be mistaken for a DC. The validity of the DC sign in gout has not been compared with other imaging modalities [Chowalloor and Keen, 2013b] , however in AH, the majority of joints with US-detected DC sign or hyper-echoic cloudy area demonstrated MSU crystals on joint aspirate [De Miguel et al. 2012] .
Tophi are typical clinical features of gout and have been variably described in US studies [Wright et al. 2007; Ottaviani et al. 2010; De Ávila Fernandes et al. 2011; Howard et al. 2011; Pineda et al. 2011; De Miguel et al. 2012] . Tophi can be seen in various locations, such as within the joint, burse, in relation to the tendons, ligaments and in other soft tissues (Figure 3 ). Various descriptions of tophi are referred to in the literature, including 'hyper-echoic heterogeneous soft tissue deposit with or without post echoic shadowing', 'iso-echoic/hyper-echoic nodular deposits', 'bright spots' and 'hyper-echoic areas' [Chowalloor and Keen, 2013b] . A recent study reported that common intra-articular sites for tophaceous deposits include the first MTP joint, radiocarpal joint, midcarpal joint and knees [Naredo et al. 2013a ]. The most common tendinous locations for tophi were the patellar and triceps tendon, followed by the quadriceps and Achilles tendons [Naredo et al. 2013a ].
Naredo and colleagues tested the diagnostic value of US by extensively systematically examining a large number of joints, including cartilage, bursae, ligaments and tendons in subjects with gout and controls [Naredo et al. 2013a ]. The study focused on US signs relatively specific for gout, such as the DC sign and hyper-echoic aggregates, and aimed to determine the optimal combination of pathologies and locations to assist in the diagnosis of gout. The results demonstrate that imaging the radiocarpal joint and the patella and triceps tendon for evidence of hyper-echoic aggregates, and the first metatarsal, talar and second metacarpal or femoral cartilage for the DC signs produced a sensitivity of 84.6% and specificity of 83.3%. The specificity of individual lesions, such as the DC sign, was not as high in this study as reported in other studies; however, the presence of hyper-echoic aggregates in both the patella and triceps tendon was highly specific for gout in this study. In clinical practice, US does add to the diagnostic certainty, but should be considered an adjuvant to the history, examination and biochemical findings.
Ultrasound can be used to monitor response to therapy. The resolution of tophi and the DC sign have been demonstrated in response to urate-lowering therapy [Perez-Ruiz et al. 2007; Thiele and Schlesinger, 2010] .
Computed tomography
CT is not commonly utilized in the clinical management of gout. It is associated with ionizing radiation, and until recently, conferred little added benefit over CR, US and MRI.
There has been some investigation into the utility of imaging tophi in gout, particularly with regards to differentiating tophus from other subcutaneous nodules noninvasively [Gerster et al. 1998; Gentili, 2006 ]. Tophus appears on CT as hyperdense lesions, with their specific density allowing differentiation from other hyperdense lesions [Gerster et al. 1996] . Soft tissue lesions have lower attenuation and calcifications have higher attenuation than that of tophus [Gentili, 2006] . CT can assess deep intra-articular and intraosseous tophi [Gerster et al. 1996] , which may be undetectable by clinical or US examination. CT can also measure tophus volumes with excellent reproducibility [Dalbeth et al. 2007a ], which has been used in clinical trials as an endpoint. However, the evidence suggests that if a tophus is able to be measured physically in the clinical setting with calipers, then this is an equivalent tool [Dalbeth et al. 2007a ].
CT can identify gouty erosions. Dalbeth and colleagues recently demonstrated that CT erosions in gout are closely related to tophi, suggesting that tophus infiltration may have a pathogenic role in the development of erosions in gout [Dalbeth et al. 2009a ]. The same group demonstrated a strong association between erosions and new bone formation (sclerosis, osteophytes and spurs), suggesting a relationship between bone resorption and new bone formation in gout [Dalbeth et al. 2012b] .
A CT scoring method for quantifying bone erosions at the feet in gout has been developed and validated . Preliminary investigation has demonstrated sensitivity and reliability, and while responsiveness is yet to be established, this tool may assist in monitoring structural progression in gout in clinical studies.
Arguably, the most exciting imaging advance in gout in recent years is the advent of DECT, which is able to detect MSU burden noninvasively. In addition to identifying crystals, advantages include shorter scanning times, the ability to scan multiple joints simultaneously and have excellent reproducible visualization compared with US. This technology was developed to determine the chemical composition of renal stones and atherosclerotic coronary plaques, but has been recognized to have utility in the clinical setting of diagnosing and managing gout. This technique relies on acquiring two datasets simultaneously through the use of two separate X-ray tubes producing differing energy levels [Nicolaou et al. 2010 ]. Differences in attenuation are able to be identified and color coded, allowing material rich in calcium (high attenuation) to be differentiated from material rich in MSU crystals (low attenuation) [Nicolaou et al. 2010 ].
DECT imaging is useful in identifying subclinical urate burden. MSU deposition can also be seen in joints, tendons, ligaments and soft tissues ( Figure  6 ). When tophi identified by DECT imaging was compared with that of physical examination [Choi et al. 2009 ], DECT was able to pick up four times the tophi picked up by physical examination. The most common sites involved on DECT are MTP joints (85%), knees (85%) and ankles (70%), followed by wrists (50%), MCP joints and elbows (40%) [Choi et al. 2009 ]. The most commonly involved tendon/ligament site is the Achilles, followed by peroneal tendons [Dalbeth et al. 2013b] .
DECT has been shown to be highly sensitive and specific to the presence of MSU crystals, using aspirate of MSU crystals as the gold standard [Glazebrook et al. 2011] . Additionally, findings of MSU by DECT are able to differentiate between patients with well established gout and controls, with excellent sensitivity (78-84%) and specificity (93%) [Choi et al. 2012] . In studies with significant false negatives, the cohorts of patients are generally on urate-lowering therapies with serum urate concentrations below the physiological saturation threshold, which may affect the burden of MSU deposits in these patients. In addition to urate-lowering therapies, disease duration may also affect the sensitivity of DECT to detect gout, presumably related to the burden of deposited MSU crystals (the minimal detectable deposit size is 2 mm) . In addition to limitations in detecting small deposits, a recent case report illustrated that even large tophaceous deposits may be missed if they are not particularly dense [Melzer et al. 2014 ].
In assessing the utility of DECT compared with US, detection of MSU by DECT has been shown to have a similar sensitivity to the US detected DC sign [Gruber et al. 2014 ]. However, the sensitivity and specificity of DECT are dependent on the imaging protocol utilized. A recent study in assessing tophi compared DECT imaging with MRI scanning and found that results can vary depending on the software setting for DECT [McQueen et al. 2013] . When images were reconstructed with two different parameter ratios for DECT imaging, MRI only correlated with one DECT image and the other DECT image did not identify any tophi. Therefore it is important to standardize software settings to minimize these errors.
The diagnostic sensitivity of DECT is much less in the absence of chronic gout, that is, in new presentations. For example, in one small study of 14 subjects with acute, nontophaceous gout, DECT identified MSU deposits in 78% of subjects, but only 50% of subjects presenting with an inaugural attack [Manger et al. 2012 ]. Thus, a negative DECT in the setting of an acute initial presentation of presumed gout is unhelpful to the clinician, as this is the situation when a clinical adjuvant tool is perhaps most needed.
The reproducibility of DECT is very good [Glazebrook et al. 2011] . Excellent inter-and intra-observer reproducibility has been demonstrated [Choi et al. 2012] for tophus volume.
DECT is more reproducible than physical methods (calipers or tape measurements) in assessing tophus size [Dalbeth et al. 2012a ].
DECT may be responsive to change, with a reduction in the burden of MSU in response to treatment in multiple case reports [Desai et al. 2011; Bacani et al. 2012] . However, in the setting of longstanding stable gout treated with uratelowering therapy, the measurable urate burden has been shown to be below the smallest detectable change, limiting the utility of DECT in monitoring therapeutic response [Rajan et al. 2013b] .
Magnetic resonance imaging
This is an excellent imaging modality to image synovium, cartilage, soft tissue and bone, as it lacks radiation and has excellent contrast and resolution. However, limitations include high cost, availability, long scanning time, use of contrast, patient acceptability, and exclusion of those patients with aneurysm clips or pacemaker. MRI can demonstrate generic features of inflammatory arthritis, such as synovial thickening, effusion, bone erosions, and bone marrow edema (BME) in gout [Popp et al. 1996; Cimmino et al. 2011 ] (Figures 7 and 8 ). MRI can demonstrate subclinical inflammation in asymptomatic joints in gout [Carter et al. 2009 ]. MRI is better than US and CR in detecting erosions [Carter et al. 2009] . A clue to the diagnosis of gout in the setting of generic inflammatory changes is that BME is uncommon and if present is often mild [McQueen et al. 2013] , the presence of extensive BME on MRI should raise the question of infection. A retrospective review of patients with gout showed that severe BME on the MRI was much more common in gout plus osteomyelitis than in uncomplicated gout [Poh et al. 2011 ].
Tophi can have various appearances on MRI [Dhanda et al. 2011 ]. T1-weighted images characteristically show homogeneous, low to intermediate signal intensity, and variable signal intensity is shown on T2-weighted images depending on the degree of hydration of the tophus and its calcium concentration. Heterogeneous, intermediate to low signal is the most common pattern on T2-weighted images. Tophi show intense gadolinium enhancement due to hypervascular soft tissue and granulation tissue that surround tophi (Figure 7 
Nuclear medicine
Few systematic publications exist with regards to nuclear imaging in gout. While bone scan has high sensitivity in detecting osseous abnormality, the scintigraphic findings in gout are often nonspecific ( Figure 9 ). The current scientific literature has not shown white cell imaging to be useful in differentiating between infection and the acute inflammatory phase of gout [Palestro et al. 1990; Appelboom et al. 2003 ]. Case reports of positron emission tomography (PET) combined with CT (PET/CT) in gout showed articular and periarticular fluorodeoxyglucose (FDG) uptake [Steiner and Vijayakumar, 2009; Ito et al. 2012] . Soft tissue FDG uptake corresponding to tophi has also been reported [Popovich et al. 2006 ]. These findings are not specific for gout. Like with MRI, this may be useful when gout presents in unusual body locations, such as axial skeleton. 
Conclusion
In summary, different imaging modalities are available to assist clinicians with making an accurate diagnosis. Some of the imaging features can aid diagnostically in differentiating gout from other inflammatory arthritis conditions, but generally, these are less useful in early disease when the need is usually greater. CR, US and DECT have the ability to assist in monitoring response to treatment. While others, like CT and MRI, have been demonstrated to aid our understanding of this disease recently, and are likely to continue to be useful in proof-of-concept studies. Recent studies of imaging techniques have improved our understanding of gout and their clinical application.
